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METHOD AND APPARATUS FOR IMPROVED
FAULT DETECTION IN POWER

GENERATION EQUIPMENT

This patent application claims the benefit of U.S. Provi-
sional Application No. 60/604,374, filed Aug. 25, 2004,
which 1s hereby incorporated by reference herein in its
entirety.

BACKGROUND OF THE INVENTION

Large machinery, such as power generation equipment, 1S
typically very expensive to purchase, install, maintain and
operate. Accordingly, determining whether such equipment 1s
operating within desired operating parameters 1s important.
Detecting conditions that indicate that the equipment 1s oper-
ating outside these desired parameters, which may result 1n
damage to the equipment is, therefore, also important. In
order to detect such conditions, sensors are typically used to
measure operating parameters, such as pressure, temperature,
etc., of various components and, 1f a predetermined threshold
for a particular parameter 1s crossed by a particular measure-
ment, a fault 1s declared. Recently, learning techniques for
fault detection systems have become more prevalent in
attempts to improve the accuracy of determining whether a
fault exists. Well-known techniques, such as neural networks,
multivanate state estimation techniques (MSET) and tuzzy
logic have been used for such purposes. All such methods use
historical data, collected by a plurality of sensors and 1ndica-
tive of past normal operations and fault conditions, to gener-
ate a model that 1s used to monitor future data generated by
operations of the equipment. If the future data deviates too
much from the historical data model, an alarm 1s generated
and a fault 1s declared.

Prior fault detection methods typically relied on historical
data to generate estimates ol observed operational values
expected to be measured by a particular sensor. Then, actual
operational values were measured by the sensors and com-
pared to the estimates. The sensor residue, or the difference
between the estimate and the observed value, 1s then calcu-
lated and, 11 the residue 1s higher than a desired threshold, a
fault 1s declared. However, 1n such prior sensor estimation
techniques, estimates of a particular sensor were frequently
alfected by measurements taken by faulty sensors. Specifi-
cally, typical prior estimation techmiques relied on measure-
ments from several sensors measuring the same characteristic
(e.g., multiple sensors measuring blade temperature in a tur-
bine engine) to produce an estimate of the expected value
from an individual sensor. Such a measurement derived from
several sensors 1s referred to herein as a vector. These tech-
niques typically minimized errors between the estimates and
original values and, therefore, tended to spread any deviations
between the values of the individual sensors among all the
sensors. As a result, 1 one sensor was faulty and, therefore,
produced a significant error in 1ts measurement, that error
would be shared by all of the non-faulty sensors, thus reduc-
ing the accuracy of the overall estimate from each of the
sensors. This sharing of error 1s referred to herein as the
spillover effect.

In order to reduce such spillover, various estimation tech-
niques have been used, such as techniques using the well-
known gradient descent functions to search for solutions. For
examples of such methods, see P. J. Huber, “Robust Statis-
tics”, Wiley-Interscience, 1981. However, these methods
require the selection of a control parameter to control how
quickly the function converged. Selecting such control
parameters accurately 1s difficult. Additionally, such methods
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tended to converge to an optimal estimate slowly and, there-
fore, are impractical in many operational uses. Other attempts
at reducing the effect of spillover include methods mnvolving
regression, such as the well-known kernel regression or mul-
tivariate state estimation techniques (MSET). Such tech-
niques are described more fully in A. V. Gribok, J. W. Hines
and R/E. Uhrig, “Use of Kernel Based Techniques for Sensor
Validation™, Int’l Topical Meeting on Nuclear Plant Instru-
mentation, Controls, and Human-Machine Interface Tech-
nologies, Washington D.C., November, 2000, which 1s
hereby incorporated by reference herein 1n its entirety. How-
ever, these regression methods are computationally intensive,
requiring a number of regression networks equal to the num-
ber of sensors. Additionally, such regression models are 1nac-
curate when faulty sensors are present.

SUMMARY OF THE INVENTION

The present inventors have invented a method and appara-
tus for detecting faults 1n equipment using sensor confidence
and an improved method of 1dentitying the normal operating
range of the power generation equipment as measured by
those sensors.

Specifically, 1n accordance with one embodiment of the
present invention, a confidence 1s assigned to a sensor in
proportion to the residue associated with that sensor. If the
sensor has high residue, a small confidence 1s assigned to the
sensor. IT a sensor has a low residue, a high confidence 1s
assigned to that sensor, and appropriate weighting of that
sensor with other sensors 1s provided. This confidence 1s then
used to produce a revised estimate of an observed value of a
characteristic of power generation equipment.

In accordance with another embodiment of the present
invention, a feature space trajectory (FST) method 1s used to
model the normal operating range curve distribution of power
generation equipment characteristics. In particular, such an
FST method 1s illustratively used 1n conjunction with a mini-
mum spanning tree (MST) method to 1dentity a plurality of
nodes and to then connect those with line segments that
approximate a curve. Once this curve 1s approximated, the
methods for determiming sensor confidence, discussed above,
can be used to determine and an improved sensor estimate.

These and other advantages of the invention will be appar-
ent to those of ordinary skill in the art by reference to the
tollowing detailed description and the accompanying draw-
Ings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows an 1llustrative plot of sensor vector estimates
and observed values collected by a monitoring system, and
how those estimates/values can be compared to the normal
operating range of an illustrative turbine engine;

FIG. 2 shows an 1llustrative graph of an 1llustrative sensor
confidence function useful 1n assigning confidence to sensors
in accordance with the principles of the present invention;

FIG. 3 shows a method 1n accordance with one embodi-
ment of the present invention whereby an improved estimate
ol x 1s obtained using the sensor confidence function of FIG.
2;

FIG. 4 shows an illustrative feature space trajectory (FST)
model of a normal operating range of one characteristic of
power generation equipment;

FIG. 5 shows one method 1n accordance with the principles
of the present invention whereby the FST model of FIG. 4 1s
developed;



US 7,953,577 B2

3

FIG. 6 shows a feature space trajectory using the training
data represented by the curve in FI1G. 4 wherein three centroid

positions v',, v, and v'; are i1llustratively 1dentified and con-
nected using minimum spanning tree (MST) methods; and

FI1G. 7 shows a schematic diagram of a computer adapted to
calculate sensor confidence values and/or perform calcula-
tions and determinations associated with the FST/MST meth-
ods for determining the normal operating range of power
generation equipment.

DETAILED DESCRIPTION

FIG. 1 shows an 1llustrative plot of sensor vector estimates
and observed values collected by a monitoring system, and
how those estimates/values can be compared to the normal
operating range of, for example, the temperature of a compo-
nent 1n a turbine engine used to generate power. Specifically,
referring to FIG. 1, two sensors, herein designated as sensor 1
122 and sensor 2 124 are part ol a monitoring system 120.
Sensor 1 122 1s, for example, a faulty sensor and sensor 2 124
1s, for example, a sensor that 1s not faulty. These sensors 122
and 124 are, for example, sensors positioned to monitor an
operational characteristic of the aforementioned turbine
engine, such as, illustratively, the blade path temperature of
the blades 1n a turbine engine. As one skilled 1n the art wall
recognize, and as can be seen by FIG. 1, multiple temperature
measurements, such as measurements taken by sensor 1 122
and sensor 2 124, respectively, can be represented by vectors
102 and 103. Specifically, vectors 102 and 103 1n the vertical
direction and the horizontal direction, respectively, represent
the measurement of, for example, the blade path temperature
measurements X, (measured by sensor 1 122) and x, (mea-
sured by sensor 2 124). Thus, 1nstead of using a simple one-
dimensional range of temperature measurements from a
single sensor, the measurements form a two-dimensional
graph that 1s a function of the temperature measurements X,
and x, from sensor 1 122 and sensor 2 124, respectively.
Accordingly, each point in FIG. 1 represents a vertical com-
ponent representing one or more measurements taken by
sensor 1 122 and a horizontal component representing one or
more measurements taken by sensor 2 124.

Normal operating range 101 1s a curve representing the
normal operating range of, for example, power generation
equipment and 1s determined through well-known learning
techniques 1n which historical data associated with the opera-
tion of that power generation equipment can be collected by
sensors placed at desired locations on that equipment. This
data, or a portion of this data, 1s used to estimate and charac-
terize the normal operating range of the equipment using,
well-known statistical modeling techniques. In operations of
the equipment, 1f a measurement sigmficantly deviates from
the calculated normal operating range, a fault could be
declared. Determining the normal operating range curve 101
of the power generation equipment 1s also discussed further
herein below.

Referring once again to FIG. 1, once the normal operating,
range 101 1s determined, a measurement of the operational
characteristic (such as temperature) can then be taken by
sensor 1 122 and sensor 2 124. Vector x 107 represents the
position of an 1deal estimate of the temperature values mea-
sured by sensor 1 122 and sensor 2 124 or, 1n other words, the
actual operating blade path temperature. However, assume
once again that sensor 1 122 1s a faulty sensor and, hence 1ts
measurement will be inaccurate. As shown 1n FIG. 1, 1n such
a case, the result of these measurements taken by sensor1 122
and sensor 2 124 1s observed vector y 110. As can be seen,
vector v 110 1s offset 1n the vertical direction from 1deal
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4

estimate x 107 by an amount attributable to the error intro-
duced by faulty sensor 1 122. This vertical offset 1s referred to
herein as the sensor residue of sensor 2 124 and 1s directly
attributable to the fault 1n sensor 1 122.

In prior fault detection systems, once an observed value,
such as sensor vector y, was measured, an attempt was typi-
cally made to minimize any errors in the measured value. This
attempt usually involved mapping the observed vector to the
closest point 1n the normal operating range and treating that
closest point as the actual measured value. Referring to FIG.
1, the error represented by vector y 110 with respect to the
normal operating range of the equipment 1s minimized,
according to this method, by determining the closest point on
normal operating range 101 to vector y 110. Thus closest point
1s represented by X 109, which i1s the point located on normal
operating range 101 at the minimum distance 104 from vector
y 110. Point X 109 1s offset from 1deal estimate x 107 in both
the vertical and horizontal directions by distances 105 and
106, respectively. One skilled in the art will observe that,
while the original observed vector v 110 was not offset with
respect to x 107 1n the horizontal direction, point X 109 1s
offset by distance 106. Distance 106 1s referred to herein as
the spillover error of sensor 2 124 which, as discussed above,
1s the error introduced into the measurements of a normally-
operating sensor by faulty sensor 1 122. In this case, the
spillover results directly from attempting to map the observed
vector v 110, which 1s erroneous due to faulty sensor 1 122,
onto the normal operating range.

In accordance with the principles of the present invention,
the spillover problem 1s substantially eliminated. In particu-
lar, 1n accordance with one embodiment of the present mnven-
tion, a confidence 1s assigned to a sensor 1n proportion to the
residue associated with that sensor. If the sensor has high
residue, a small confidence 1s assigned to the sensor. If a
sensor has a low residue, a high confidence 1s assigned to that
sensor, and appropriate weighting of that sensor with other
sensors 1s provided. In particular, a confidence, w, 1s defined
for the 1-th sensor:

w;=gl(d;)

where w, 1s the confidence of the i1-th sensor, and d, 1s the
normalized absolute ditference between the observed sensor

value and the estimated sensor value for the 1-th sensor. As the
difference between the sensor value and the estimated value

increases for a particular sensor increases, the residue asso-
ciated with that sensor increases. In particular, d, 1s defined as:

Equation 1

1% — v Equation 2

di = —
X — vl

where, once again, X 1s the estimate of a sensor vector from all
sensors combined using traditional statistical modeling; X 1s
the estimate of a sensor vector using such modeling from the
1-th sensor; y, 1s the observed sensor vector at the 1-th sensor;
and v 1s the observed sensor vector as measured from all
sensors combined. This normalized absolute difference 1s
used to reduce scaling effects of the residues for different
sensors. FIG. 2 shows an 1llustrative graph of one illustrative
confidence function 201 useful 1n assigning confidence to
sensors 1n accordance with the method described herein.
Referring to FI1G. 2 again, as one skilled 1n the art will recog-
nize, the confidence g(d,) along the vertical axis 202 assigned
to a sensor 1s a decreasing function from 1 to 0 as d, increases,
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as represented by the horizontal axis 203. In particular, FIG.
2 shows an illustrative confidence function g(d) defined by the
equation:

g(dy=exp(yd”)

where d 1s as defined above and v 1s a selected convergence
where y<<0. Illustratively, as shown by the graph of FIG. 2, v 1s
selected illustratively 1n a way such that g(1)=0.001.

By using such a confidence function, an updated, more
accurate estimate X of a sensor vector can be obtained. In
particular, X, for the 1-th sensor such an improved estimate of
a sensor vector can be calculated by:

Equation 3

X=w v+({1l-w,)X, Equation 4

where the variables 1n equation 4 are as described above. As
can be seen in FIG. 1, the new updated X is significantly
horizontally closer to the 1deal estimate x and, as a result, the
spillover effect attributed to the faulty sensor 1 1s greatly
reduced.

FIG. 3 shows a method 1n accordance with one embodi-
ment of the present invention whereby an improved estimate
of x 1s obtained using the above equations and the sensor
confidence function of FI1G. 2. Specifically, referring to FIG.
3, at step 301, observed sensor vector y 1s input into Equation
2 1n order to calculate the normalized absolute difference, d.,
between the observed sensor value v and the estimated sensor
value X. Next, at step 302, this calculated value of d, 1s then
mapped to a particular confidence level w.=g(d,) using the
illustrative confidence function represented by FIG. 2 and as
discussed above. Once the value of w, 1s determined, at step
303, the observed sensor vector y, and the original estimated
value X. are entered 1nto the equation 4 to obtain the value of
X, as discussed above. Once this value 1is calculated for each
sensor, at step 304, a new X 1s calculated which is an improved
estimate of the observed sensor vector that has been refined to
take into account the reduced confidence assigned to sensor 1.
Next, at step 305, this new value of X is then entered into the
statistical model to determine a new, updated value of X. At
step 306, a determination 1s made whether the distance from
the new X to the previously computed X 1s smaller than a
desired threshold. It so, then at step 307, the current value of
X 15 used as the best value of the 1deal estimate x. If, on the
other hand, at step 3035, the distance from the new X 1s larger
than a desired threshold, then the process returns to step 301
and the new value of X 1s then used to calculate an updated d,
according to equation 2 and, a new value for X,. The process
continues as described above until the distance from the cur-
rent value of X to the previous value of X 1s less than the
desired threshold. In this manner, a confidence level i1s
assigned to a sensor, thus significantly reducing the spillover
of faulty sensor measurements on normally operating sen-
SOIS.

In order to ensure that the sensor confidence method
described above 1s accurate, it 1s necessary to ensure that the
identification of the normal operating range, such as curve
101 1n FIG. 1, 1s accurately 1dentified. The present inventors
have recognized that, in many instances, operational equip-
ment, such as power generation equipment, has one or more
sets of highly correlated sensors, such as the aforementioned
blade path temperature sensors 1n a turbine engine. These
sensors are termed highly correlated because these sensors
are physically located in known positions relative to one
another and future measurements from one sensor can be
relatively accurately predicted, absent faults, by the measure-
ments from another sensor. As one skilled in the art will
recognize, due to this correlation, the distribution of any pair
of highly correlated sensors in a two-dimensional space
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resembles a curve. Due to this correlation, 1t can be assumed
that the distribution of sensor vectors consisting ol measure-
ments taken by these sensors 1s also a curve. In order to
produce a curve based on historical sensor measurements
and, therefore, to obtain a normal operating range curve of the
power generation equipment, well-known methods using
principle curves and their equally well-known variations have
been employed. Specifically, such methods involve determin-
ing a curve that passes through the center of the training data
in the sensor vector space. However, such methods are fre-
quently 1nadequate as they do not converge properly to a
desired curve, especially when the curve 1s a complex shape.
As aresult, a specific curve representing the normal operating,
range of the power generation equipment 1s sometimes diifi-
cult to determine.

Therefore, the present inventors have recognized that fea-
ture space trajectory methods can be employed to model the
normal operating range curve distribution of power genera-
tion equipment characteristics. Such feature space methods
are generally well known 1n other fields, such as image rec-
ognition and, therefore, will only be described herein as nec-
essary to understand the principles of the present invention.
Such FST methods are generally usetul to identity a plurality
of nodes and to then connect those with line segments that
approximate a curve. FIG. 4 shows one illustrative FST
model, further discussed below, which 1n this case consists of
three line segments v,v,, v,v, and vyv,. Test input vector v 1s
used once again to statistically obtain the value for X, as
described above, which, in this illustrative example, 1s the
estimate producing the smallest distance 401 between y and
the line segments. As discussed previously, once the value X 1s
determined, sensor confidence can be determined and an
improved sensor estimate can be iteratively produced.

In order to compute an FST, such as the FST 400 o1 FI1G. 4,
typically the nodes, such as nodes v, v,, v, and v, in FIG. 4
must be known and the order of those nodes must also be
known such that the nodes are connected one by one to form
a curve. However, 1n the present case, both nodes in the
training data and their order are unknown and, therefore, this
information must be derived from the set of training sensor
vector data. Therefore, the present inventors have recognized
that k-mean clustering can be used to determine the sensor
vectors that are present 1n the training data and to then derive
nodes for use 1n the FST. In such k-mean clustering, a plural-
ity of centroid positions are i1dentified 1 a set of data by
determining the distance between data points in a set of data
(e.g., sensor tramning data) and the centroid positions and
grouping data points based on the minimum distance between
cach point and one of the centroids. Such clustering 1s well-
known and will not be described further herein.

Once the nodes have been identified, 1t 1s necessary to
determine the order of the nodes and to connect them accord-
ing to that order. In accordance with one embodiment of the
principles of the present invention, a minimum spanning tree
(MST) algorithm 1s used to accomplish this task. As 1s well-
known, MST algorithms are useful in connecting a plurality
of points 1n a way such that the sum of the lengths of the
connections (the span) 1s a minimum. The result 1s frequently
graphically portrayed as a tree-like graph. However, 1n the
present case, the desired tree 1s intended to model the normal
operating range of the power generation equipment. As such,
the present inventors have recognized that, by applying cer-
tain constraints to the functions of the MST algorithm, 1t 1s
possible to connect the nodes generated by the FS'T method
described above and accurately model the normal operating
range curve. Specifically, FIG. 5 shows a method in accor-
dance with one embodiment of the present invention whereby
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the FST of FIG. 4 1s developed. In particular, at step 501, an
initial number k of nodes to be connected 1s 1dentified, 1n this
case k=3. This number corresponds to the number of cen-
troids to be 1nitially 1dentified in the training data and 1s also
the mimimum number of points necessary to model a curve
(two points would only result 1n a straight line connecting
those two points. Next at step 502, a k-mean algorithm 1s
applied to 1dentily the three centroid positions. Referring to
FIG. 6, using the traiming data represented by the curve 1n
FIG. 4, three centroid positions v',, v', and v'; are 1llustra-
tively identified. Next, at step 503, the MST algorithm 1s
applied, as described above, to these k-nodes to connect them
in order, represented by lines 601 and 602 in FIG. 6. However,
in order to ensure these nodes form a curve, at step 504 a
determination 1s made whether there are two end nodes
belonging to one edge (1.e., are connected to only one other
node). If yes, at step 503, a determination 1s made whether all
remaining nodes (e.g., between the two edge nodes) belong to
two edges (1.e., are connected to two and only two other
nodes). Steps 504 and 505 function to ensure that the nodes
form a model of a curve and not some other shape, such as a
tree with separate individual segments. If, at step 305, the
determination 1s made that each middle node belongs to two
edges, then, at step 506, a further determination 1s made
whether the angle 0 formed between adjacent edges 1s greater
than a predefined angle such as, illustratively, 30 degrees.
This 1s to prevent the MST from forming a boundary to the
training data having jagged edges. If the determination at step
506 1s ves, then, at step 507, k 1s revised to k=k+1, 1n this case
k=4, and the process returns to step 502. In this case, when
k=4 the 1llustrative FST of FI1G. 4 would be developed having
line segments v,v,, v,v; and v,yv,. As will be obvious to one
skilled 1n the art, the greater the number of nodes complying
with the above constraints, the more precise the estimation of
the normal operating range 101 of FIG. 1. Therefore, the
above process 1teratively continues with increasing values of
k until one of the determinations at steps 504, 505 or 506 1s no.
In this case, at step 508, the results of the MST process are
output as the final representation of the normal operating
range of the power generation equipment as determined by
the traming data.

One skilled 1n the art will recognize that a monitoring,
system using sensor confidence values and/or an FST/MST
method for determining the normal operating range of power
generation equipment, such as that discussed above may be
implemented on a programmable computer adapted to per-
form the steps of a computer program to calculate the func-
tions of the confidence values and/or the FST/MST. Referring,
to FIG. 7, such a monitoring system 700 may be implemented
on any suitable computer adapted to recetrve, store and trans-
mit data such as the alorementioned phonebook information.
Specifically, illustrative monitoring system 700 may have, for
example, a processor 702 (or multiple processors) which
controls the overall operation of the momitoring system 700.
Such operation 1s defined by computer program instructions
stored 1n a memory 703 and executed by processor 702. The
memory 703 may be any type of computer readable medium,
including without limitation electronic, magnetic, or optical
media. Further, while one memory unit 703 1s shown in FIG.
7,1t 1s to be understood that memory unit 703 could comprise
multiple memory units, with such memory units comprising,
any type ol memory. Monitoring system 700 also comprises
illustrative modem 701 and network interface 704. Monitor-
ing system 700 also illustratively comprises a storage
medium, such as a computer hard disk drive 705 for storing,
for example, data and computer programs adapted for use 1n
accordance with the principles of the present invention as
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described hereinabove. Finally, monitoring system 700 also
illustratively comprises one or more iput/output devices,
represented 1n FI1G. 7 as terminal 706, for allowing interaction
with, for example, a technician or database administrator.
One skilled 1n the art will recognize that address monitoring
system 700 1s merely illustrative in nature and that various
hardware and soitware components may be adapted for
equally advantageous use 1n a computer 1n accordance with
the principles of the present invention.

The foregoing Detailed Description is to be understood as
being 1n every respect illustrative and exemplary, but not
restrictive, and the scope of the mvention disclosed herein 1s
not to be determined from the Detailed Description, but rather
from the claims as interpreted according to the full breadth
permitted by the patent laws. It 1s to be understood that the
embodiments shown and described herein are only 1llustra-
tive of the principles of the present invention and that various
modifications may be implemented by those skilled 1n the art
without departing from the scope and spirit of the mvention.
Those skilled in the art could implement various other feature
combinations without departing from the scope and spirit of
the mvention.

The invention claimed 1s:

1. A method for improving operational data measurements
in an apparatus having a monitoring system, said monitoring
system comprising a plurality of sensors, said method com-
prising:

receving from a sensor in said plurality of sensors a mea-

surement by said sensor of an observed condition of said
apparatus;
determiming, via said monitoring system, a confidence
level for said sensor as a function of said measurement;

determiming, via said monitoring system, an estimate of
sald measurement as a function of said confidence level;
and

using said estimate of said measurement for fault detection

in said apparatus.

2. The method of claim 1 wherein said apparatus comprises
power generation equipment.

3. The method of claim 1 wherein said step of determining,
a confidence level comprises calculating the expression:

X =il

di = —
X — vl

where X 1s an estimate of a sensor vector from all sensors
combined using statistical modeling; X, 1s an estimate of
a sensor vector from the 1-th sensor; d, 1s a normalized
absolute difference between said measurement and an
estimate for said 1-th sensor measurement; and vy, 1s an
observed sensor vector at the 1-th sensor.

4. The method of claim 1 wherein said step of determining,

an estimate comprises calculating the expression:

X;=wy+H1-w;) %,

where w. 1s a confidence of the 1-th sensor; X, 1s an improved
estimate of said measurement; X, 1s an estimate of a
sensor vector from the 1-th sensor; and y, 1s an observed
sensor vector at the 1-th sensor.

5. The method of claim 1 wherein said step of determining,

a confidence level comprises:

calculating a normalized absolute difference between an
observed sensor value and an estimated sensor value X;
and
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mapping said normalized absolute difference to a confi-

dence level.

6. The method of claim 5 wherein said step of mapping
comprises mapping said normalized absolute difference to a
confidence level function, said function defined by the
CXPression:

g(dy=exp(yd”)

where d 1s the normalized absolute difference; and v 1s a

selected convergence factor.
7. The method of claim 6 wherein v 1s selected 1n a way
such that g(1)=0.001.
8. The method of claim 5 wherein calculating a normalized
absolute difference between an observed sensor value and an
estimated sensor value X comprises:
determining a plurality of nodes 1n a set of training data,
said nodes representing a normal operating range; and

estimating a curve representing said normal operating,
range of said apparatus by connecting each node 1n said
plurality of nodes with at least one other node 1n a way
such that the sum of the length of said connections 1s a
minimum.

9. The method of claim 8 wherein said estimated sensor
value X 15 a vector located on said curve.

10. The method of claim 1 further comprising using said
estimate of said measurement 1n place of said measurement to
represent said observed condition for fault detection 1n said
apparatus.

11. An apparatus for improving operational data measure-
ments 1n equipment having a monitoring system, said moni-
toring system comprising a plurality of sensors, said appara-
tus comprising;

means for receiwving from a sensor in said plurality of

sensors a measurement by said sensor of an observed
condition of said apparatus;

means for determining a confidence level for said sensor

using said measurement; and

means for determiming an estimate of said measurement as

a Tunction of said confidence level.

12. The apparatus of claim 11 wherein said equipment
comprises power generation equipment.

13. The apparatus of claim 11 wherein said means for
determining a confidence level comprises means for calculat-
ing the expression:

Xi — Vi
d5:|~ yil
X — ¥

where X 1s an estimate of a sensor vector from all sensors
combined using statistical modeling; X. 1s an estimate of
a sensor vector from the 1-th sensor; d, 1s a normalized
absolute difference between said measurement and the
estimate for said 1-th sensor; and vy, 1s an observed sensor
vector at the 1-th sensor.
14. The apparatus of claim 11 wherein said means for
determining an estimate comprises means for calculating the
CXPression:

X=w v+ (1-w;)X,

where w, 1s a confidence of the i-th sensor; X, is an improved
estimate of said measurement; X, 1s an estimate of a
sensor vector from the 1-th sensor; and vy, 1s the observed
sensor vector at the 1-th sensor.
15. The apparatus of claim 11 wherein said means for
determining a confidence level comprises:
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means for calculating a normalized absolute difference
between an observed sensor value and an estimated sen-
sor value X; and

means for mapping said normalized absolute difference to

a confidence level.

16. The apparatus of claim 15 wherein said means for
mapping comprises means for mapping said normalized
absolute difference to a confidence level function, said func-
tion defined by the expression:

g(d)=exp(yd")

where d 1s the normalized absolute difierence; and v 1s a

selected convergence factor.

17. The apparatus of claim 16 wherein vy 1s selected in away
such that g(1)=0.001.

18. The apparatus of claim 15 wherein said means for
calculating a normalized absolute difference between an
observed sensor value and an estimated sensor value X com-
Prises:

means for determining a plurality of nodes in a set of

training data, said nodes representing a normal operat-
ing range; and
means for estimating a curve representing said normal
operating range of said apparatus by connecting each
node 1n said plurality of nodes with at least one other
node 1 a way such that the sum of the length of said
connections 1s a minimum.
19. The apparatus of claim 18 wherein said estimated sen-
sor value X 1s a vector located on said curve.
20. A method for improving operational data measure-
ments 1n an apparatus having a monitoring system, said moni-
toring system adapted to compare at least a first observed
value associated with one operating characteristic of said
apparatus to a normal operating range of that characteristic,
said method comprising:
determining, via said momtoring system, a plurality of
nodes from a set of training data, said nodes representing
said normal operating range of said apparatus;

connecting each node 1n said plurality of nodes with at least
one other node 1n a way such that the sum of the length
of said connections 1s a minimum, said connections
forming a curve defining said normal operating range of
said apparatus; and

using said curve for fault detection 1n said apparatus.

21. The method of claim 20 wherein said step of determin-
ing comprises 1dentitying a plurality of centroids 1n a set of
training data using a k-mean clustering algorithm.

22. The method of claim 21 wherein said step of determin-
ing a plurality of nodes comprises determining the distance
from each element of data 1n said training data to at least one
centroid.

23. The method of claim 22 wherein said step of determin-
ing a plurality of nodes comprises forming a plurality of
nodes by associating each element of data to the at least one
centroid to which said element 1s closest.

24. The method of claim 23 wherein said nodes are con-
nected using a minimum spanning tree method.

25. A monitoring system for detecting fault conditions 1n
equipment comprising:

a first sensor 1n a plurality of sensors for taking a measure-

ment of an observed condition of said equipment;
means for determiming a confidence level for said sensor
using said measurement; and

means for determining an estimate of said measurement as

a Tunction of said confidence level.

26. The monitoring system of claim 23 wherein said equip-

ment comprises power generation equipment.
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277. The monitoring system of claim 25 wherein said means
for determining a confidence level comprises means for cal-

culating the expression:

Xi— i
dley yil
X — |

where X 1s an estimate of a sensor vector from all sensors

combined using statistical modeling; X, 1s an estimate of

a sensor vector from the 1-th sensor; d. 1s the normalized
absolute difference between said measurement and an
estimate for said 1-th sensor; and y, 1s the observed sensor
vector at the 1-th sensor.
28. The monitoring system of claim 235 wherein said means
for determining an estimate comprises means for calculating
the expression:

X;=wy+(1-w;) X,

where w, 1s a confidence of the 1-th sensor; X, 1s an improved
estimate of said measurement; X, 1s an estimate of a
sensor vector from the 1-th sensor; and y, 1s an observed
sensor vector at the 1-th sensor.

29. The monitoring system of claim 25 wherein said means

for determining a confidence level comprises:

means for calculating a normalized absolute difference
between an observed sensor value and an estimated sen-
sor value X; and
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means for mapping said normalized absolute difference to
a confidence level.

30. The monitoring system of claim 29 wherein said means
for mapping comprises means for mapping said normalized
absolute difference to a confidence level function, said func-
tion defined by the expression:

g(d)=exp(yd”)

where d 1s the normalized absolute difference; and v 1s a

selected convergence factor.

31. The monitoring system of claim 30 wherein v 1s
selected 1n a way such that g(1)=0.001.

32. The monitoring system of claim 29 wherein said means
for calculating a normalized absolute difference between an
observed sensor value and an estimated sensor value X com-
Prises:

means for determining a plurality of nodes in a set of

training data, said nodes representing a normal operat-
ing range; and

means for estimating a curve representing said normal

operating range ol said monitoring system by connect-
ing each node 1n said plurality of nodes with at least one
other node 1n a way such that the sum of the length of
said connections 1s a minimuimn.

33. The monitoring system of claim 32 wherein said esti-
mated sensor value X 1s a vector located on said curve.
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